Cellular proteomes are thought to be optimized for function, leaving no room for proteome plasticity and, thus, evolution. However, hybrid animals that result from a viable cross of two different species harbor hybrid proteomes of unknown complexity. We charted the hybrid proteome of a viable cross between Drosophila melanogaster females and Drosophila simulans males with bottom-up proteomics. Developing hybrids harbored 20% novel proteins in addition to proteins that were also present in either parental species. In contrast, adult hybrids and developmentally failing embryos of the reciprocal cross showed less additional proteins (5 and 6%, respectively). High levels of heat shock proteins, proteasome-associated proteins, and proteasomal subunits indicated that proteostasis sustains the expanded complexity of the proteome in developing hybrids. We conclude that increased proteostasis gives way to proteomic plasticity and thus opens up additional space for rapid phenotypic variation during embryonic development. Bamberger et al., Sci. Adv. 2018; 4 : eaao3424 7 February 2018 9 of 11 SUPPLEMENTARY MATERIALS Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/4/2/eaao3424/DC1 table S1. Significantly regulated peptide nodes (FDR < 0.05) and associated proteins in D. mel. ♀ × D. sim. ♂ embryos, D. sim. ♀ × D. mel. ♂ embryos, and D. mel. ♀ × D. sim. ♂ heads. table S2. PSEA-Quant results obtained for D. mel. ♀ × D. sim. ♂ embryos, D. sim. ♀ × D. mel. ♂ embryos, and heads of the D. mel. ♀ × D. sim. ♂ cross are presented in individual tabs as indicated in the Excel file. network S1. D. mel. ♀ × D. sim. ♂ embryos; >2 isobaric peptide counts per peptide node. network S2. D. sim. ♀ × D. mel. ♂ embryos; >2 isobaric peptide counts per peptide node. network S3. D. mel. ♀ × D. sim. ♂ heads; >2 isobaric peptide counts per peptide node. network S4. D. mel. ♀ × D. sim. ♂ embryos; FDR < 0.01 and Ri > 0.0. network S5. D. mel. ♀ × D. sim. ♂ embryos; FDR < 0.01 and Ri < 0.0. network S6. D. sim. ♀ × D. mel. ♂ embryos; FDR < 0.01 and Ri > 0.0. network S7. D. sim. ♀ × D. mel. ♂ embryos; FDR < 0.01 and Ri < 0.0. network S8. D. mel. ♀ × D. sim. ♂ heads; FDR < 0.01 and Ri > 0.0. network S9. D. mel. ♀ × D. sim. ♂ heads; FDR < 0.01 and Ri < 0.0. network S10. D. mel. ♀ × D. sim. ♂ embryos; proteasomal proteins. network S11. D. sim. ♀ × D. mel. ♂ embryos; proteasomal proteins. network S12. D. mel. ♀ × D. sim. ♂ hybrid heads; proteasomal proteins. Data repositories fig. S1. Only hybrids of D. melanogaster females crossed with D. simulans males are viable. fig. S2 . Relative abundance of peptide nodes according to species specificity and sample origin. fig. S3 . The Venn diagram displays the relative overlap of peptides retrieved for the D. melanogaster and D. simulans proteome databases when digested in silico with the endoprotease LysC. fig. S4 . Venn diagram of proteomes identified in each of the replicate experiments. fig. S5 . Sample analysis workflow and detection of species-specific peptides.
INTRODUCTION
The human genome encodes a surprisingly high number of proteins (1) and proteoforms (2) . However, the number of proteoforms simultaneously observed in cells and tissues (3, 4) is lower than the complexity encoded in the genome, a result believed to stem from a constant optimization of the proteome to enable the highest efficiency and functionality. This ceaseless optimization leaves limited space for the proteome to evolve. One possible way to maintain a minimal plasticity for the proteome may be through chaperone proteins that fold and stabilize other proteins (5) . Together with protein trafficking and degradation in the proteasome, protein folding monitors the proteome for any presence of misfolded proteins. This specialized network of proteins secures overall proteostasis of the proteome (6, 7) . For example, inbreeding of Drosophila is accompanied by an up-regulation of heat shock protein Hsp70, which is most likely needed to stabilize proteins with recessive mutations that are otherwise deleterious (8, 9) . The proteostasis network and the heat shock protein Hsp90 specifically can support the continued presence of increasingly mutated proteins in tumorigenic cells, thus providing additional, unwanted plasticity (10) .
It is difficult to test the upper limits of proteome plasticity in whole organisms because it is experimentally challenging to preserve viability while increasing the diversity of proteins and proteoforms. To improve the chances for viability, two closely related species can be crossed to combine two different but related genomes in a single zygote so that one species-specific haploid genome of each parent contributes to the diploid genome in the hybrid organism. Depending on the species, the resultant hybrids may be viable and survive into adulthood with a proteome that is of principally higher yet unknown complexity.
Not all interspecies crosses are successful, and many hybrid organisms fail to develop. For example, recent research has shown that an uncontrolled expression of transposons in the germ line of adult hybrid fruit flies establishes a species barrier (11, 12) . Whereas incomplete transposon suppression is an effective mechanism to perpetuate a species barrier, extensive genetic screens have identified individual genes and encoded proteins that confer lack of viability to hybrid sons, but not hybrid daughters, of a cross between two closely related fruit flies, Drosophila melanogaster (D. mel.) and Drosophila simulans (D. sim.) (13) . Male offspring produced by crossing D. mel. (females) ♀ × D. sim. (males) ♂ die early in larval instar stage 3, but death can be delayed by mutations in one of two genes, Lhr (lethal hybrid rescue) or Hmr (hybrid male rescue), which form a pair of Dobzhansky-Muller genes. However, even after rescue at developmental stage 3 in Hmr − or Lhr − hybrids, termination of development still occurs at later developmental stages. These genetic screens highlight singular causes for failed development due to an incompatibility in the two species-specific proteomes but do not reveal the level of increased proteome complexity that is tolerated in surviving female hybrids. The simultaneous expression of species-specific proteins with high-sequence similarity in hybrids may represent an additional source of proteome incompatibility during development and in adulthood.
The Drosophila proteome undergoes marked changes during early development. In oogenesis, a maternally derived transcriptome and proteome are expressed in nurse cells and stored in oocytes to guide and control the initial development of the Drosophila embryo. The expression of genes from the paternal and maternal genome in the zygote is initiated during early embryogenesis~2 hours after fertilization (developmental stage 4), with the earliest transcription events occurring at the 8th to 10th nuclear division in D. melanogaster (14) . After this stage, the compatibility of the RNAs and proteins expressed from the two genomes determines the stability of the hybrid organism during further development. While the ratio of species-specific alleles (orthologs) in hybrids is 1:1, excluding gene duplications or deletions, RNA expression from both genomes depends on cis and trans transcriptional regulation and results in substantial variations of RNA transcript levels between parents and hybrids (15) (16) (17) . In addition, protein translation, folding, and degradation may also influence the complexity of the proteome in hybrids.
We used bottom-up proteomics to determine species-specific protein levels in Drosophila hybrids during development and adulthood. Previous proteomic studies of a limited number of species-specific proteins in Xenopus hybrids focused on RNA transcription and translation initiation during embryonic development (18) (19) (20) . Here, we measured and compared the proteome of Drosophila hybrids to find out whether plasticity of the proteome is different between tissue-determining early embryogenesis and phenotype-maintaining adult tissues. We show that developing hybrids harbor an increased proportion of novel proteins that are not found in either parent at the corresponding developmental stage. This proportion of novel proteins is subsequently reduced in adult hybrids.
RESULTS
Drosophila hybrids were obtained by crossing isogenic inbred D. melanogaster and D. simulans fly strains whose genomes have been previously sequenced (21) . Female hybrid embryos of the D. mel. ♀ × D. sim. ♂ cross-develop into sterile daughter flies, whereas male hybrids die at larval stage 3 (fig. S1A). Neither male nor female embryos of the reciprocal cross D. sim. ♀ × D. mel. ♂ developed beyond a very early developmental stage (13) .
Hybrid proteomes
Hybrid proteomes were analyzed for any change in complexity using quantitative bottom-up proteomics (Materials and Methods). To compare proteomes, we used an internal standard that combines parental D. melanogaster and D. simulans embryos in a 1:1 ratio. The internal standard included the same number of embryos as in the sample and reflects a hypothetical hybrid in which all orthologous proteins are expressed to the exact same level as observed in each parental species at the same developmental stage (fig. S1B). Our analysis revealed that, on average, 65.8% of proteins overlapped between actual developing hybrid embryos and the hypothetical hybrid because 65.8% of identified and quantified peptides were present in both developing hybrid embryos of the D. mel. ♀ × D. sim. ♂ cross and in the internal standard ( Fig. 1A and network S1_Rc).
In addition, Fig. 1A shows that 13.3% of the peptides were found solely in hybrid embryos and 7.7% were present solely in the internal standard, corresponding to 1.7-fold more peptides unique to hybrids than to the internal standard (13.2% of peptides not quantified; networks S1a and S1b). On average, we saw a 20% increase in complexity of the hybrid proteome (65.8% + 13.3%) over the subset of the hybrid proteome that is identical to the internal standard (65.8%). When the hybrid proteome (65.8% + 13.3%) and internal standard (65.8% + 7.7%) were directly compared, the complexity of the hybrid proteome was 10% increased. Although errors of measurement were high, the hybrid proteome of developing embryos was more complex than a hypothetical proteome in which both species-specific proteomes were simply combined.
Mapping peptides back to their species of origin revealed that D. simulans-specific peptides (4.0%) were 1.9-fold more abundant than D. melanogaster-specific peptides (2.1%) within the 13.3% fraction of peptides that were solely found in developing hybrids ( fig. S2A ). Peptides (7.2%) remained elusive with regard to species specificity because their amino acid sequences are identical in D. melanogaster and D. simulans. Overall, D. simulans-specific peptides were 10% less abundant than D. melanogaster-specific peptides within all proteins in the hybrid proteome [(9.1% + 4.0%):(12.3% + 2.1%) or 1:1.1 for D. simulans/D. melanogaster; fig. S2A ). The theoretical ratio of D. simulansto D. melanogaster-specific peptides obtained with an in silico digest of both databases with endoproteinase LysC is 1:1.1, ruling out a strong bias toward one of the two species due to an overt difference in the complexity of the two databases ( fig. S3 ). Thus, mainly an aberrant expression of D. simulans-specific proteins derived from the paternal genome contributed to the increase in proteome complexity.
The in silico digest of both protein databases with endoprotease LysC also showed that approximately two-thirds of peptide sequences of both species are unambiguously assigned to either D. melanogaster or D. simulans ( fig. S3 ). This unambiguous assignment of peptides enabled us to identify and quantify all pairs of proteins that are derived from the same gene in two different species. Figure 1A shows which pairs of species-specific orthologs were present in hybrids and parental controls. As displayed in Fig. 1A , 71% of ortholog protein pairs were found in the hybrid proteome and in the internal standard. Within the nonoverlapping proteomes, twofold more ortholog protein pairs were present in hybrids (19%) only than in the internal standard only (10%). The result indicated that the fraction of novel proteins in the developing hybrids includes more pairs of orthologs than that present in the hypothetical hybrid and thus synonymous expression of orthologs.
To determine whether the composition of the hybrid proteome in developing embryos persists into adulthood, we measured the speciesspecific contributions to the proteome in heads of adult D. mel. ♀ × D. sim. ♂ hybrid female flies ( Fig. 1B ). Peptide sequences (78.1%) were present in both the hybrid sample and the corresponding internal standard (network S2_Rc). The 4% peptides unique to hybrids was only a 5% contribution overall [(78.1% + 4%)/78.1%] and fourfold less than peptides that were unique to the internal standard (15.9%; networks S2a and S2b). The complexity of the proteome in hybrid heads (78.1% + 4.0%) was overall 10% lower than the complexity of the internal standard (78.1% + 15.9%), which is in contrast to the 10% increase in complexity of the hybrid proteome in developing embryos of the same cross. Specifically, there was a 3.3-fold reduction in novel peptides present only in adult hybrids (4.0%) over developing embryos (13.3%).
Developing hybrid embryos harbored twofold more D. simulansthan D. melanogaster-specific peptides in the proteome unique to hybrids only, as described above. In contrast, 1.4-fold more D. melanogaster-(1.1%) than D. simulans-specific peptides (0.8%) were found exclusively in the proteome of adult hybrids ( fig. S2B ). This trend was even more pronounced when looking at the complete proteome, where D. melanogaster-specific peptides outnumbered D. simulans-specific peptides by an additional 100% [(9.5% + 0.8%):(19.6% + 1.1%) or 1:2 for D. simulans/D. melanogaster]. The predominance of D. melanogasterspecific peptides in adult hybrids is opposite to the complete proteome of developing hybrid embryos, which harbored overall 10% less D. simulans-specific peptides. It showed that D. melanogasterspecific proteins provided a greater relative contribution to a stable hybrid proteome than D. simulans-specific proteins in adult flies than in developing hybrids. D. simulans-specific proteins were more deregulated in developing hybrid embryos than in adult hybrids.
The proportion of orthologous protein pairs was threefold higher in adult hybrid flies (12%) than in the internal standard (4%) despite a reduced complexity of the hybrid proteome. The remaining 84% of all orthologs were present in both hybrids and internal standard. As in developing hybrid embryos, pairs of orthologous proteins were more abundant in hybrids (12% + 84%) than in the internal standard (4% + 84%).
As an additional reference, we analyzed embryos of the reciprocal cross D. sim. ♀ × D. mel. ♂ that failed to develop past very early larval stages ( Fig. 1C and network S3_Rc). Like in adult hybrids, these nondeveloping hybrid embryos harbored 3.3-fold less peptides that were unique to the hybrid (4.4%; network S3a) than to the internal standard (14.6%; network S3b). The complexity in the hybrid proteome (78.6% + 4.4%) increased by only 6% over the proteome that was present in both hybrids and internal standard (78.6%). Overall, the complete proteome of nondeveloping hybrids (78.6% + 4.4%) was 10% less complex than the proteome of the internal standard (78.6% + 15.9%).
The proteome unique to nondeveloping hybrids was almost completely depleted of D. melanogaster-specific peptides (0.2%). D. simulansspecific peptides were 14-fold more abundant (2.8%; fig. S2C ). The complete proteome of nondeveloping hybrid embryos harbored 40% more D. simulansthan D. melanogaster-specific peptides [(12.6% + 2.8%):(10.9% + 0.2%) or 1.4:1 for D. simulans/D. melanogaster). When directly compared to developing hybrid embryos, this relative predominance of proteins derived from the D. simulans genome in nondeveloping hybrid embryos is rather due to an absence of D. melanogaster-(2.1% versus 0.2% in developing and nondeveloping hybrids, respectively; 10.5-fold reduction) than of D. simulans-specific peptides (4.0% versus 2.8% in developing and nondeveloping hybrids, respectively; 1.43-fold reduction; fig. S2 , A and C). It indicated that hybrids of the reciprocal cross failed to effectively transcribe and translate the paternally derived D. melanogaster genome in a zygote that initially consists of a D. simulansspecific proteome.
Notably, the majority of orthologous protein pairs (67%) were exclusively located in the internal standard and not in the hybrids and internal standard (Fig. 1C ). The proteome shared between the hybrids and internal standard included 31% of orthologous protein pairs, whereas the proteome solely found in the nondeveloping hybrids included only 2% of orthologous protein pairs. The 3.5-fold increase in orthologous protein pairs in the internal standard (67% + 31%) over nondeveloping hybrids (31% + 2%) indicated that the proteome of nondeveloping hybrids was not only less complex but also harbored reduced translation or expression of orthologous genes that were present otherwise in developing hybrids.
In summary, developing D. mel. ♀ × D. sim. ♂ hybrid embryos showed increased proteome complexity during early development and an overproportional contribution of proteins from the paternal D. simulans species among newly present proteins. Proteome complexity was reduced in adult hybrid flies, and maternally derived D. melanogaster-specific peptides became overrepresented. A large number of orthologous protein pairs supported the postdevelopmental life of adult hybrids. In contrast, nondeveloping hybrid embryos of the reverse cross D. sim. ♀ × D. mel. ♂ showed an overall reduced proteome complexity and a pronounced absence of D. melanogasterspecific proteins.
Changes in relative protein abundance in hybrids
Our initial data analysis determined the presence or absence of peptides in the hybrid proteome based on replicate experiments ( fig. S4 ). To increase robustness of data analysis, we decided to quantify the relative change in abundance of peptides that were detected in both actual and hypothetical hybrids, that is, sample and internal standard. Having subsumed peptides into peptide nodes in cases where proteins shared the identical peptide sequences, we further included only peptide nodes with at least two isobaric isotopolog ratio measurements [isobaric ratio (Ri)] across all three biological replicates (Materials and Methods).
The peptide nodes were differentiated according to species specificity as indistinguishable (DmDs), D. melanogaster-specific (Dm), and D. simulans-specific (Ds), and the relative frequency of binned ratio values is plotted. Because the internal standard was added 1:1 to the sample, the average ratio of all quantified peptide nodes was expected to be 1:1 (or 0 when log 2 -transformed), assuming that the size of D. melanogaster and D. simulans zygotes is similar and that the hybrid proteome is similar to the proteome of both parental species combined (internal standard). Values of >0 or <0 of the log 2 -transformed ratios indicated enrichment or depletion in hybrids, respectively ( Fig. 2 , left panels). Hybrid proteomes were similar but not identical to the internal standard with respect to the relative abundance of individual peptide nodes. DmDs peptide nodes were enriched by 25% in developing (mean, 0.32) and by 6% in adult hybrids (mean, 0.09), respectively, and depleted by 12% in nondeveloping hybrid embryos (mean, −0.19).
When considering peptide nodes that were specific to a single species, the subset of D. simulans-specific peptide nodes increased overproportionally in developing hybrid embryos ( Fig. 2A and network S1_Ri). The mean of D. simulans-specific peptide node ratios (0.90) was at least 1.4-fold higher than the mean of the D. melanogaster-specific (0.43) or DmDs (0.32) peptide node ratios. In addition, ratio values of D. simulans-specific peptide nodes showed a wider distribution (SD = ±1.05) than D. melanogaster-specific (SD = ±0.85) and DmDs peptide nodes (SD = ±0.79), hinting at a loosened control or overall dysregulation of proteins that are encoded in the paternally derived D. simulans genome.
The differences between the species-specific proteomes disappeared in adult hybrid tissue (Fig. 2B ). The mean of the ratio values of either species-specific proteome were closer to 1:1 (or 0 when log 2transformed) in adults than in developing hybrid embryos (0.09 for DmDs, 0.19 for Dm, and 0.23 for Ds; network S3_Ri). Thus, a selective enrichment of D. simulans genome-encoded proteins, as observed in developing hybrids, was lost in adulthood. D. melanogasterand D. simulans-specific peptide node ratios spread out as wide as speciesindistinguishable peptide nodes (SD = ±1.03, ±1.05, and ±1.06, respectively). Although the overall proteome in adult somatic tissue of hybrids was consolidated with regard to its species-specific origin, alternations in relative protein levels from the internal standard were more pronounced and did not show any species specificity. This dysregulation might reflect a potentially more general characteristic of hybrid proteomes.
Nondeveloping hybrid embryos displayed similar discrepancies in protein levels as did developing hybrid embryos ( Fig. 2C and network S2_Ri). Indistinguishable (mean, −0.19) and D. melanogaster-specific peptide nodes (mean, −0.47) were depleted, whereas D. simulansspecific peptide nodes (mean, 0.82) were 2.4-fold enriched in nondeveloping hybrids. The relative enrichment of D. simulans-specific proteins is most likely a consequence of a profound overall depletion of the proteome encoded by the paternal D. melanogaster genome. Nonetheless, peptide nodes of the incoming, paternal genome-derived D. melanogaster-specific proteome preserved a wide distribution of ratio values (SD = ±1.24), whereas peptide nodes of the maternal genome-derived proteome and DmDs peptide nodes displayed tight ratio value distributions (SD = ±0.80 for both). A wide spread of ratio values (SD > 1.0) was a characteristic of the incoming paternal genome-encoded proteome in developing hybrid embryos regardless of the direction of the cross because it was already observed in the developing hybrids.
Thus, the proteome that is newly synthesized from the parental genome had wide ratio distributions in hybrids in early developmental stages, whereas the ratio distributions of the initially maternally deposited proteome remained tight. Proteins encoded in the paternally inherited genome were overall either enriched in developing hybrids or depleted in nondeveloping hybrids. Whereas the former reflected successful but aberrant translation of the proteome that is encoded in the paternally inherited genome, the latter pointed to a failure to fully establish this parent-specific proteome. Therefore, nondeveloping hybrids displayed a significant relative enrichment of the proteome that is encoded in the maternally inherited genome. Finally, the proteome of adult hybrid daughters revealed overall higher variability in protein expression levels but without a bias for either species.
Quantitative protein set enrichment analysis for enrichment of D. melanogaster Gene Ontology terms in hybrids Next, we asked whether the increased complexity in the proteome of hybrids is broadly distributed over all biological processes or preferentially alters specific ones. Using protein set enrichment analysis (PSEA)-Quant (22, 23) , we found that 10 Gene Ontology (GO) (24) terms with the key phrases "proteasome regulatory particle," "translation initiation," and "mitotic spindle elongation" were selectively attributed to proteins enriched in developing hybrid embryos (table S1). This indicated for the first time that proteins involved in protein turnover were selectively increased in developing hybrid embryos.
Proteins with GO terms "regulation of organ growth" and "drug binding" were more enriched in adult hybrid flies than internal standard, whereas "actin-myosin structure organization" and "chitin-based cuticle development" were enriched for proteins more abundant in the internal standard than hybrid flies. Moreover, the GO term "nonrecombinational repair" (Ku70/Ku80 protein complex) was enriched in proteins that were more abundant in nondeveloping hybrid embryos than in the internal standard, which suggested that a potentially high load of DNA damage in embryos of the reverse cross might be part of the reason for developmental failure. Whereas GO terms of surviving hybrid embryos revealed altered protein turnover and those associated with nondeveloping hybrids suggested difficulties in maintaining the fidelity of the genome, GO terms broadly indicative of an altered cell and tissue homeostasis were associated with the proteome in adult hybrids.
Dysregulated proteins in hybrids
In an attempt to understand the differences in proteome complexity, we took a closer look at individual proteins that were significantly dysregulated in hybrids. To this end, peptide nodes with a false discovery rate (FDR) of ≤5% were selected, and the corresponding proteins were further analyzed (Fig. 2, right panel, and table S2 ).
Twenty-nine peptide nodes were significantly depleted (network S5), and 57 peptide nodes were significantly enriched (network S4) in developing hybrid embryos. Enriched peptide nodes mapped more often to proteins of D. simulans (31 proteins) than to proteins of D. melanogaster (6 proteins). The D. simulans-specific proteins covered a variety of different cellular processes, whereas D. melanogaster-specific proteins were involved in protein turnover. Eukaryotic translation initiation factor 2 subunit 2 (eIF2b, P41375) and Hsp27 as well as proteasome subunits Prosa1, Prosa6, Prosb2, and Prosa2R1 play important roles in protein translation, folding, and degradation and were found in higher abundance in the D. melanogaster-specific proteome.
Hybrid embryos of the nondeveloping, reciprocal cross displayed more depleted (61; network S7) than enriched (26; network S6) peptide nodes, and depleted peptide nodes were almost exclusively D. melanogaster-specific, except cystatin-like protein (B4QZT8) and ribosomal L1 domain-containing-like protein (B4Q6V5), which were D. simulans-specific. Conversely, 22 of 26 significantly enriched peptide nodes were D. simulans-specific, and none were D. melanogasterspecific. Up-regulated proteins included Sod1 (superoxid dismutase 1), which counteracts high levels of reactive oxygen species that are a known source of oxidative DNA damage in D. simulans infected with the bacterial endosymbiont Wolbachia pipientis (25) .
Only a few significantly regulated peptide nodes were observed in hybrid heads, a result that is consistent with previous observations in hybrid mammalian somatic cells (26) . Eight peptide nodes were enriched (network S8) in hybrids including D. simulans yolk protein 3 (Yp3) as well as CG31087, which is involved in neurogenesis, and Pebp1, which is part of the antimicrobial humoral response. Only one peptide node was species-specific and mapped to the D. melanogaster protein tobi, a glycoside hydrolase involved in carbohydrate metabolic processes. Fourteen additional peptide nodes were significantly depleted in adult hybrid heads (network S9), two of which were D. melanogasterspecific. One of the three depleted and D. simulans-specific proteins was TurandotA1, which is involved in stress tolerance. None of the significantly regulated proteins in nondeveloping hybrids and adult hybrids mapped to the proteostasis network.
Expression of heterochromatin protein 1
We determined an increased complexity of the proteome in developing hybrids and found that proteins that were enriched in developing hybrids participate in protein translation, folding, and degradation. Previous studies identified two proteins in large-scale genetic screens based on mutations that rescue male hybrid lethality: hybrid male rescue (Hmr) (27, 28) and lethal hybrid rescue (Lhr) (29) . Hmr and Lhr associate with the centromere and ensure proper mitotic division but are not essential for viability. Previous experiments also revealed that Hmr levels are higher in D. melanogaster, whereas Lhr is more abundant in D. simulans (30) . In our data, Hmr protein was detected in only one of the replicate experiments of nondeveloping hybrid embryos, whereas Lhr was found in only one replicate experiment of hybrid heads of the D. mel. ♀ × D. sim. ♂ cross, limiting a more detailed analysis of their relative protein levels in hybrids.
Recent work showed that Hmr and Lhr are part of a stable protein complex that consists of 25 proteins including heterochromatin protein 1 (HP1a) that binds to centromeric and pericentromeric regions at chromosomes. The protein complex was identified with tandem affinity purification, which strongly suggested that HP1a is a protein-protein interactor of Lhr and Hmr (30) . HP1a is essential for viability, and the gene locus HP1a is also named su(var)2-5 because previous genetic screens identified it as a suppressor of variegation mutations (31) . HP1a orthologs in hybrid embryos originated from the maternal genome ( Fig. 3) : D. melanogaster HP1a (P05205) was present in developing hybrid embryos, whereas D. simulans HP1a proteoforms were detected in nondeveloping hybrid embryos. Furthermore, the D. melanogaster HP1a ortholog was depleted in nondeveloping hybrid embryos, whereas D. simulans HP1a proteoforms were enriched in developing hybrid embryos and then depleted in adult hybrids, which, in turn, maintained increased levels of D. melanogaster HP1a protein.
Thus, surviving hybrid embryos harbored high levels of HP1a protein potentially to engage Hmr and Lhr in a protein complex.
Expression of transposon-associated proteins
Uncontrolled transposon activity has been shown to be critical for hybrid dysgenesis and creation of a species barrier in flies (11) . To control transposon activity in flies, piRNAs (Piwi-interacting RNAs) associate with Piwi proteins to guide its endonuclease activity to complementary RNA sequences of transposons. Recently, the Hsp80 cochaperone Hsp83 was identified as essential for loading piRNAs to Piwi, which is an important mechanism of transposable element suppression (32) . Absence of the Hsp83 gene shutdown increases mobility of transposable elements, and therefore, its presence contributes to developmental robustness by stabilizing the genome. In developing hybrid embryos, we found that the D. melanogaster Hsp83 was significantly depleted, but its D. simulans ortholog remained as high as in the internal standard. The inverse was observed in developmentally failing hybrid embryos of the reverse cross: The paternal genomeencoded D. melanogaster Hsp83 protein was absent and thus was not available to assist in Piwi-mediated suppression of newly arising transposon activity. Finally, both Hsp83 orthologs were enriched in the heads of adult hybrid flies. Thus, survival of embryos correlated with induction and maintenance of paternally derived Hsp83 protein. Paternal Hsp83 protein might be needed to suppress transposon activity newly arising from the paternal genome in an initially maternally conditioned embryonic environment.
Because we observed differential expression of Hsp83 in developing and nondeveloping hybrid embryos and because suppression of either Lhr or Hmr results in elevated levels of RNA transcripts that are derived from transposable elements (30, 32) , we searched the data for the presence of any transposon proteins. On the basis of spectrum counts (SpC), we found low levels of Blood (1 SpC), Opus (1 SpC), and Roo (2 SpC) retrotransposons in the internal standard (parents) only; Het-A (1 SpC) in adult hybrids only; and the viral capsid protein gag (1 SpC) in hybrids and the internal standard. Thus, we did not obtain direct evidence that transposable proteins were expressed in developmentally failing hybrid embryos.
Hybrid proteome complexity in view of the proteostasis network
Hybrid daughters are sensitive to elevated temperatures (34) , and this phenotype can be rescued by depleting Hmr (35) . Lethality at elevated temperatures argues for dissociation of the previously identified heterospecies Lhr-Hmr-HP1a protein complex (31, 33) . Protein-protein interactions in the Lhr-Lmr-HP1a protein complexes of different species . Colors indicate either species specificity (light blue and green) or relative abundance wherein a peptide node is present in both samples (hybrids and internal standard) and measured with a relative ratio (white) or present in either hybrids or internal standard (red and dark blue, respectively) or was identified but not quantified (gray). The log 2 -transformed value of the fold change (Rc value) per peptide node or its presence in hybrids only (Infinity; red rectangles) or the internal standard (−Infinity; dark blue rectangles) is indicated. Peptides subsumed in peptide nodes with the value "N/A" were identified, but the relative abundance of the peptide node was not quantified because the number of ratio measurements was too low (<3 independent measurements). The asterisk indicates a ±Infinity value (Rc-based data analysis). An outline of a peptide node in red as well as an edge in red indicates that the peptide node (>4-fold or highest difference value) deviates from the two additional peptide nodes in a pair of two proteins with unique peptide nodes. The pair of peptide nodes is indicated by a classification number attributed to the edge, and the classification number "3" indicates that unique peptide nodes are different (>4-fold or highest difference value) from the remaining peptide nodes in the protein pair. vary widely (33) , potentially causing a nonassociated Hmr protein to perform a different, neomorphic, and most likely lethal function in hybrid males (35, 36) . Because it is conceivable that an increase in complexity of the proteome accelerates the propensity of proteins to engage in new or unstable protein complexes, and because GO terms proteasome regulatory particle and translation initiation were enriched in developing hybrid embryos, we decided to analyze proteins that support protein turnover in more detail.
Translational initiation
Developing hybrid embryos showed a considerable increase in select D. simulans and D. melanogaster orthologs involved in translation initiation, protein folding, and protein degradation including ubiquitination and proteasomal degradation (Fig. 4) . The D. melanogaster ortholog eIF2b was overexpressed in developing hybrid embryos. EIF2b was previously identified as a candidate gene implicated in the endoplasmic reticulum (ER) stress response (37) during which its dimerization partner, eIF2a, is phosphorylated in response to ER stress by protein kinase-like ER kinase (PERK). This phosphorylation limits global protein translation and facilitates noncanonical translational initiation, which is mediated by eIF2A. In developing embryos, the alternative translation initiation factor eIF2A (Q9VNX8) was enriched, which suggests that alternative translation initiation might cause preferential mRNA translation during early embryogenesis of Drosophila hybrids and thus an enrichment of specific proteins (such as chaperones) that are involved in proteostasis.
Expression of proteostasis-associated proteins
Co-and posttranslational protein folding play a critical role in maintaining protein stability and, therefore, a functional proteome. Misfolded proteins trigger an up-regulation of the unfolded protein response (UPR) during which heat shock factor (HSF) increases transcription and translation of heat shock proteins. HSF was more than 1.5-fold enriched in developing hybrid embryos, suggesting a possible activation of the UPR that is part of the proteostasis network. We found that individual members of the UPR were up-regulated in developing hybrids. Hsp70Aa was detected but not quantified, and Hsp70B was increased in developing hybrid embryos. Higher levels of D. simulans Hsp26 and Hsp27 indicated a select up-regulation of de novo transcription or translation of stressassociated proteins. The D. melanogaster Hsp26 ortholog was downregulated, although its mRNAs are deposited in oocytes during oogenesis (38) . Not all heat shock proteins changed in abundance: The cytosolic small heat shock protein Hsp23 remained unaltered.
The heat shock cognate proteins of the Hsc70 family that associate with Hsp70 to assist protein folding (39) were specifically enriched in developing hybrid embryos. Hsc70-1 and Hsc70-5 were doubled in relative abundance, Hsc70-3 and Hsc70-4 were enriched, and Hsc70-2 remained unaltered. None of the Hsc70 proteoforms were up-regulated in the developmentally failing reciprocal cross or in adult hybrid flies.
Hsc70 proteins interact with Hsc70-interacting protein 1 (HIP, C4NYP8), a cochaperone that removes proteins that fail to fold correctly. HIP transfers unfolded proteins from the folding machinery into protein degradation and thereby facilitates ubiquitination and clearance of misfolded proteins (40) . In developing hybrid embryos, D. melanogaster HIP was reduced, whereas its D. simulans ortholog was up-regulated, and it remained at high levels in adult hybrid heads.
Misfolded membrane proteins at the ER also undergo assisted protein folding or are eventually degraded. The transitional ER adenosine triphosphatase Ter94 [valosin-containing protein (VCP)] plays a critical role in targeting misfolded proteins to the ER-associated degradation pathway ERAD (41) . VCP was significantly up-regulated in developing hybrid embryos and adult hybrids with a higher relative contribution of D. simulansthan D. melanogaster-specific orthologs. VCP remained unaltered in nondeveloping hybrid embryos of the reciprocal cross. Thus, independent of developmental stage, surviving embryo and adult hybrids maintained high levels of HIP and VCP, which channel misfolded proteins for proteasomal degradation.
Autophagy removes protein aggregates and damaged organelles in cells (42) . A survey of autophagy-associated proteins did not reveal alterations in protein levels for the autophagy-associated proteins Atg1, Atg3, Atg9, Atg13, and Atg18a. The cysteine protease Atg4 was depleted in developing hybrid embryos, whereas its substrate Atg8 and D. simulans E1-like ubiquitin-conjugating enzyme Atg7 were detected only in developing hybrid embryos.
Mitochondrial proteins are under the control of a separate proteostasis network that is located within the mitochondria. The mitochondrial Hsp90-related protein TRAP1 (A1Z6L9) and the D. simulans ortholog of mitochondrial Hsp60 (O02649) were enriched in developing hybrid embryos. Although TRAP1, the mitochondrial analog of Hsp75, remained unaltered in developing hybrids, it was more than fourfold enriched in adult hybrid flies, suggesting that proteostasis in mitochondria was selectively altered during the development and adulthood of hybrids.
Expression of proteasome and associated proteins
Misfolded proteins are ubiquitinated and subsequently targeted for proteasomal degradation. Protein levels of the D. simulans proteasomal ubiquitin receptor ADRM1 (adhesion regulating molecule 1) homolog Rpn13 were almost twofold elevated in hybrid embryos, whereas its D. melanogaster ortholog remained unaltered. Again, the D. simulansspecific ADRM1 ortholog might be required for a species-selective transfer of proteins to the proteasome.
In addition, several species-specific proteasomal subunits and associated regulatory factors were detected exclusively in developing hybrid embryos (networks S10 to S12). Specifically, D. melanogaster 26S subunit a3, D. melanogaster 26S regulatory subunit 1, D. simulans proteasomal subunit a7 type 1, D. simulans 26S regulatory subunit p39A, and proteasomal subunits a2 and b of both species were identified in developing hybrid embryos only and not in parental controls.
Proteasomal subunit a2 protein (Pros25) was the most abundant protein within the subset of proteins that were exclusively present in developing hybrid embryos and not the internal standard, suggesting that high protein levels of proteasomal subunit a2 are important during development of D. mel. ♀ × D. sim. ♂ hybrid embryos. Proteasomal subunit a2 lacks a proteasome-specific regulatory protein domain and a TATA box in the promoter of the gene and thus represents a member of the housekeeping gene family. In contrast, proteasomal subunits a6.1 and a7.1 are not housekeeping genes (43) .
Both proteasomal subunits a6.1 and a7.1 had a species-specific protein expression pattern. The D. simulans proteasomal subunits a6.1 (B4Q8Q8) and a4-7.1 (Q6QH37) were enriched in developing hybrid embryos, making it likely that they are disproportionally needed to stabilize a hybrid proteome, whereas the D. melanogaster proteasomal subunits a6.1 (Pros35, P12881) and a4-7.1 (Pros28.1, P22769) were depleted or unaltered, respectively.
The high levels of proteasomal subunit a2 in embryos were not retained into adulthood, whereas D. simulans proteasomal subunit a6.1 remained overexpressed. The differential regulation of species-specific proteasomal subunits and proteasome-associated proteoforms might fine-tune protein degradation in response to an increase in the complexity of the proteome in developing hybrid embryos. It indicated that turnover of proteins is explicitly regulated during development of hybrids and, to a lesser extent, in adult hybrids because only a specific subset of proteasomal subunits remained enriched in adult hybrids.
In conclusion, differences between the proteome of hybrids and the pooled parental proteome (internal standard or hypothetical hybrid) were most pronounced during embryonic development. Developing hybrid embryos tolerated an increase in complexity of the proteome based on proteins exclusively found in hybrids, most of which originated from the paternally inherited genome. Proteins derived from the paternally inherited genome showed overall higher fluctuations in protein abundance. Although the complexity of the proteome was ultimately reduced in adult hybrids and differences in species-specific protein abundances diminished, an overall dysregulation of relative protein abundances remained (Fig. 5) .
In an attempt to understand the molecular underpinnings that keep the hybrid proteome functional, we found a selective increase in proteostasis-associated proteins, which predominantly originated from the paternal genome. In developing hybrid embryos, as well as adult hybrid flies, proteostasis-associated D. simulans orthologs were preferentially overexpressed. It included heat shock proteins and proteins that are indirectly or directly involved in proteasomal degradation. The results suggest that a successful turnover or clearance of potentially nonfunctional proteins or protein complexes might be required to stabilize a hybrid proteome.
DISCUSSION
Our results show that the maternally deposited D. melanogasterspecific proteome correctly guides its protein levels in D. mel. ♀ × D. sim. ♂ hybrid embryos but initially falls short of accurately controlling D. simulans-specific protein levels: Proteins derived from the D. simulans genome contributed more novel proteins and showed higher variation in relative abundance. Conversely, D. sim. ♀ × D. mel. ♂ hybrid embryos showed a marked absence of D. melanogaster-specific proteins and failed to develop, maybe because of increased noncombinatorial DNA repair. Here, we found that D. melanogaster Hsp83 was absent in nondeveloping hybrid embryos, which might preclude an efficient suppression of D. melanogaster-derived transposable elements. In contrast, D. simulans Hsp83 was present in developing hybrid embryos of the D. mel. ♀ × D. sim. ♂ cross.
Quantitative GO term enrichment analysis indicated increased cellular stress in developing hybrid embryos. Several abundant proteins were enriched in developing hybrids that might boost folding and degradation as a molecular mechanism to accommodate the expansion in complexity of the hybrid proteome. High levels of proteasomal proteins, even in adult hybrids, point to a persistent induction of protein degradation. A differential expression of proteasomal subunits has been previously identified in Hmr − male D. mel. ♀ × D. sim. ♂ hybrids, which develop past the third larval instar stage (44) . Nine different proteasomal subunits were up-regulated in the Hmr + males of the D. mel. ♀ × D. sim. ♂ cross, but increased expression was lost in surviving Hmr − males. Further genetic studies showed that heterozygotes for any one of 3 of 14 different proteasomal subunits rescued male lethality (Pros25, Prosb2R2, and Prosb7). Thus, an increased abundance of proteasomal subunit a2 (Pros25) might lead to an increased degradation or turnover of male-specific proteins such as Hmr, which are otherwise critical for transposon suppression in hybrids. 
S C I E N C E A D V A N C E S | R E S E A R C H A R T I C L E
Classifying the hybrid proteome by species specificity revealed that the incoming paternally encoded proteome is more dysregulated than the maternally encoded proteome, which is at least in part already deposited during oogenesis. Surprisingly, an increase in overall proteome complexity by up to 10% is not deleterious as long as both genomes remain intact, arguing for an unexpected high plasticity of the proteome during early development. Morphogenetic features of the developing embryo are set during early development (45) , and any variation of these requires additional plasticity of the proteome. Given the plasticity of the hybrid proteome observed here, our results indicate that there is an unexpected space for additional proteome complexity during early embryogenesis. It may allow the proteome to expand during early embryogenesis and thus may provide a hitherto unknown space for molecular explorations that might enable rapid phenotypic variation.
MATERIALS AND METHODS

Fly husbandry and collecting embryos
Flies were raised and maintained according to standard husbandry (46 [1] ) and D. simulans (w[501]). To collect embryos from crosses, we placed parental flies on apple juice or grapefruit juice agar plates. Embryos were collected individually from the agar plates with a thin fused silica column and transferred into an Eppendorf tube. Alternatively, agar plates were rinsed with water to dislodge and collect many embryos into a 50-ml Falcon tube. We collected embryos between 0 and 6 hours after egg laying to capture the hybrid proteome present during early embryonic development. The embryos were assigned the approximate developmental stage by microscopic inspection and comparison to a developmental staging table (47) .
Proteomics overview
Proteomes were enzymatically digested to peptides with endoproteinase LysC, and peptides in the hybrid and internal standard were dimethylated with light or heavy variants of isobaric isotopologs. Equal aliquots were combined and subsequently analyzed with multidimensional protein identification technology (MudPIT) (48, 49) on an Orbitrap Velos mass spectrometer (Thermo Fisher Scientific; fig. S5A ) in biological triplicate. Relative ion abundance was extracted with Census (50) using tandem mass spectra of peptides identified with ProLuCID (51) in a search against a combined database of D. melanogaster and D. simulans proteomes ( fig. S5B ). All peptide spectrum matches and associated quantitative values as well as identified proteins were stored in Proteome INTegrator (PINT). ProteinClusterQuant (PCQ) (https://github. com/proteomicsyates/ProteinClusterQuant) assembled and analyzed the resultant proteomes wherein small, species-specific sequence differences in peptides determined species-specific contributions to the hybrid proteome. For accurate quantification, PCQ condensed subset peptides and subset proteins in single nodes, respectively. The final bipartite protein-peptide network can be visualized in Cytoscape (52) .
Sample preparation
Drosophila embryos were collected into Eppendorf tubes, washed with water, and then dechorionated for 20 s in 50% household bleach (Vons). The embryos were then washed three more times with water, lysed in 2× TNI buffer [250 mM NaCl, 50 mM tris (pH 7.5), 0.5% Igepal CA-630, 1 mM EDTA, and 1× complete ULTRA EDTA-free protease inhibitor cocktail (Roche)], and crushed with a pestle in an Eppendorf tube to release proteins. The proteins were then precipitated using methanol/ chloroform precipitation (sample/methanol/chloroform, 1:4:1, v/v/v), and the protein pellet was resuspended in digestion buffer [0.1 M Hepes buffer (pH 8.0)] supplemented with 1% RapiGest (Waters). Disulfide bonds were reduced with Bond-Breaker TCEP solution (2.5 mM at 37°C for 20 min; Thermo Fisher Scientific) and free sulfhydryl groups acetylated with iodoacetamide (500 mM at 37°C for 30 min; Thermo Fisher Scientific). The proteins were digested into peptides with endoproteinase LysC (1.5 mg of LysC per embryo; Promega).
Peptides were either light (hybrid) or heavy (synthetic mix), dimethylated at primary amines with isotope-defined formaldehyde, as described by Bamberger et al. (53) . Briefly, the samples were labeled as either heavy with deuterium or light with 13 C. Primary amines were methylated with formaldehyde (40 mM), and the resulting Schiff's base was reduced with sodium cyanoborohydride (25 mM). CH 2 O and NaBD 3 CN were used for the synthetic mixture, and 13 CH 2 O and NaBH 3 CN were used for hybrids. After labeling the samples (for 1 hour at room temperature), the dimethyl labeling reaction was inactivated by adding an excess of free amines (1% ammonium bicarbonate for 10 min at room temperature). Twenty D. melanogaster embryos were combined with 20 D. simulans embryos to create an internal standard reflecting a hypothetical hybrid that was labeled heavy, as described. Hybrids were labeled light, and the synthetic mixture was labeled heavy to differentiate protein expression between the F 1 generation of the cross and the inbred strains. For comparison of embryos, an identical aliquot of the heavy-labeled synthetic mixture was added to each lightlabeled hybrid sample for direct comparison. The labeled synthetic mixture served as an external standard.
Mass spectrometry
Heavy-and light-labeled samples were mixed in a 1:1 ratio, loaded onto a MudPIT column (49) , and analyzed on an Orbitrap Velos (Thermo Fisher Scientific). For MudPIT, the following preparative and analytical columns were prepared: 2 cm of strong cation exchange resin (SCX; Partisphere, Waters) followed by 2 cm of reversed-phase resin (Aqua 5, Phenomenex) were packed into a fused silica column [250 mm intradermally (id)], which was attached to an analytical column (100 mm id) with a pulled microtip (~1.0-mm opening) filled with 15 cm of Aqua 3 (Phenomenex). Both columns were equilibrated in buffer A (5% acetonitrile and 0.1% formic acid).
A 10-step MudPIT experiment was performed on an Orbitrap Velos mass spectrometer (48) . Briefly, peptides were eluted from the column with a linear gradient of 0 to 55% buffer B (80% acetonitrile and 0.1% formic acid in water, v/v/v) over a 98-min time window and injected directly into the mass spectrometer by electrospray ionization at 2.5 kV. Full MS1 scans were collected at a resolution of R 60,000 within 400 to 2000 mass/charge ratio (m/z) and an automatic gain control set to 1 × 10 6 counts for survey mass spectra (MS1) and 5 × 10 4 counts for tandem mass spectrometry (MS/MS) fragment ion mass spectra. Each MS1 was followed by 10 MS/MS experiments for the top 10 most abundant precursor ions with a charge state of z ≥ +2 and an inclusion window of −0.51 ≤ m/z ≤ +1.5. Selected precursor ion masses were dynamically excluded with an exclusion window of −0.51 ≤ m/z ≤ +1.5, a repeat count of 1, and a repeat duration of 30 s with an exclusion list size of 500 and a maximum duration of 120 s. Each precursor ion was fragmented twice, once with standard collisional dissociation in the LTQ (linear trap quadrupole) and once with higher-energy collisional dissociation in the Orbitrap (R 30,000).
Proteome analysis
Mass spectra were searched with ProLuCID against a combined D. melanogaster and D. simulans UniProtKB protein database (04_2014), which included the reverse sequences of both species-specific databases to allow determination of an FDR at the peptide level with DTASelect2 (54) . Search results were uploaded to IP2 (Integrated Proteomics Solutions), and high-resolution MS/MS mass spectra were used to quantify relative protein expression based on isobaric isotopolog fragment ions present in high-resolution MS/MS scans. Final results were uploaded in PINT and subsequently queried for peptides identified and quantified to determine the relative number of peptide spectrum matches for each experimental condition.
PSEA-Quant analysis and PCQ
Using PSEA-Quant (23), the most abundant peptide nodes (>7 isobaric peak counts) were extracted and further analyzed for the enrichment of GO terms (24) to identify terms that are enriched for proteins that are overexpressed in either the hybrids or the internal standard. The number of random samplings to estimate the statistical significance of the enrichment of each GO term among the overexpressed proteins (FDR) was set to 10 6 , and the annotation type was set to GO. An interdependency of protein abundance was assumed during sampling, the coefficient of variation tolerance factor was set to 0.5, and the bias in protein annotation was set to "true." GO terms for abundant proteins with an FDR (q value) less than 5% were further considered during analysis (table S2). GO terms that associated with fewer than 50 proteins were further considered to increase specificity of GO terms reported.
PCQ was used to assemble complete proteomes and quantify relative differences between hybrids and synthetic mixture. Additional statistical testing was performed in Prism 5 (GraphPad Software Inc.).
